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The replacement of Cu by 5%Ag for Cu50Hf45Al5 glassy alloy was found to increase significantly
the stability of supercooled liquid against crystallization. The supercooled liquid region reached as
large as 110 K for Cu45Hf45Al5Ag5 . The extension of the supercooled liquid region is due to an
increase in the crystallization temperature, accompanying the change in the primary crystalline
phases. The effectiveness of Ag addition was interpreted to result from the retardation of long-range
atomic rearrangements for the progress of crystallization reaction. The selection of the quaternary
composition enabled us to form bulk glassy alloys with diameters up to 3 mm. The Young’s modulus
and compressive fracture strength of the 5%Ag-containing alloy are 119 GPa and 2220 MPa,





























lo-It was found in 1988 that multicomponent metallic a
loys without metalloids have a large supercooled liquid
gion before crystallization and bulk glass-forming abili
~GFA!, as exemplified for Mg–Ln– (Ni,Cu)(Ln
5 lanthanide metal)1 and Ln–Al–~Ni,Cu!2 systems. These
findings indicate that the supercooled liquid region defin
by the difference between glass transition temperature (Tg)
and crystallization temperature (Tx), DTx(5Tx2Tg) is one
of important factors for the stability of supercooled liqu
against crystallization. There is an approximant tendency
GFA to increase with increasingDTx .
3–7 It is therefore im-
portant to search for a glassy alloy with largerDTx for the
development of bulk glassy alloys with higher GFA. Th
DTx values of bulk glassy alloys are in the range of ab
40–127 K and the largestDTx has been obtained for Zr–Al–
Ni–Cu system.3–8 The glassy alloys exhibiting largeDTx of
over 100 K have been limited to Zr–Al–Ni–Cu system.9 The
increase ofDTx is also favorable for precision working o
bulk glassy alloys by use of viscous flow deformation in t
supercooled liquid region.10 On the other hand, tensile frac
ture strength of bulk glassy alloys is about 850 MPa
Mg-based alloys,11 1000 MPa for Ln-based alloys,12 1600–
1800 MPa for Zr-based alloys,13–152000–2400 MPa for Cu-
based alloys,16,17 and 2800 MPa for Ni-based alloys.18 Thus,
the Cu- and Ni-based bulk glassy alloys which were found
200116 and 2002,19 respectively, possess much higher tens
strength levels. It has previously been reported thatDTx is
37–60 K for the Cu-based alloys16,17 and 31–76 K for the
Ni-based alloys.19 We have recently found that a much larg
DTx of over 100 K is obtained for Cu45Hf45Al5M5 (M
5Ag or Pd! systems. This letter intends to present therm
stability and mechanical properties of the Cu–Hf–Al–A
glassy alloy with largerDTx value and to investigate th
reason for the appearance of the largeDTx .
a!Electronic mail: wzhang@imr.tohoku.ac.jp2350003-6951/2003/83(12)/2351/3/$20.00








Cu-based alloy ingots with composition o
Cu502xHf45Al5Agx (x50 – 10 at. %) were prepared by ar
melting the mixtures of each pure metal in an argon atm
sphere. The alloy compositions represent nominal ato
percentages. Alloy ribbons with a cross section of 0
31.5 mm2 were produced by melt spinning the pre-alloy
ingots in an argon atmosphere. Alloy rods with diameters
to 4 mm were produced by the copper mold casting meth
Glassy structure was examined by x-ray diffraction a
transmission electron microscopy. Thermal stability asso
ated with glass transition, supercooled liquid region a
crystallization was examined by differential scanning ca
FIG. 1. DSC curves of Cu502xHf45Al5Agx (x50 – 10 at. %) glassy alloys.1 © 2003 American Institute of Physics











































2352 Appl. Phys. Lett., Vol. 83, No. 12, 22 September 2003 A. Inoue and W. Zhangrimetry ~DSC! at a heating rate of 0.67 K/s. Melting an
liquidus temperatures were measured with a differential th
mal analyzer at a heating rate of 0.17 K/s. Mechanical pr
erties under a compressive load were measured at room
perature with an Instron testing machine. The gau
dimension of the test samples was 2 mm in diameter an
mm in height and the strain rate was 5.031024 s21.
We have confirmed by x-ray analyses that glassy all
in the Cu502xHf45Al5Agx systems are formed over the who
composition range of 0–10 at. %Ag. Figure 1 shows
DSC curves of the melt-spun Cu502xHf45Al5Agx (x
50 – 10 at. %) glassy alloys. All the alloys exhibit distin
glass transition, followed by a large supercooled liquid
gion and then crystallization. As marked with arrows,Tg
decreases with increasing Ag content, i.e., from 763 K
Cu50Hf45Al5 to 741 K for Cu40Hf45Al5Ag10. On the other
hand, Tx increases with increasing Ag content, shows
maximum value at 5%Ag and then decreases significa
with further increasing Ag content. As a result, theDTx
shows a maximum value of 110 K at 5%Ag. The largeDTx
values of over 100 K have been reported to be obtained o
for Zr-based bulk glassy alloys and hence the present
based alloy is believed to be the second alloy system. Fig
2 shows theTg , Tx , and DTx values as a function of Ag
content for the Cu502xHf45Al5Agx glassy alloys. It is recog-
nized that the increase in Ag content causes a monoton
decrease inTg and a maximumTx at 5%Ag. Thus, the ex-
tremely largeDTx reaching 110 K is attributed to high resi
tance of supercooled liquid against crystallization.
We further examined the crystallization phases cau
FIG. 2. Changes in glass transition temperature (Tg), crystallization tem-
perature (Tx), and DTx(5Tx2Tg) as a function of Ag content for
















by the exothermic peak for the Cu50Hf45Al5 and
Cu45Hf45Al5Ag5 glassy alloys. Figure 3 shows x-ray diffrac
tion patterns of the Cu–Hf–Al and Cu–Hf–Al–Ag alloy
annealed for 3.6 ks at 923 K corresponding to the tempe
ture just above the exothermic peak. The diffraction patt
of the quaternary alloy is significantly different from that
the ternary alloy. The diffraction peaks are identified
orthorhombic Cu10Hf7 and tetragonal CuHf2 phases
20 for the
ternary alloy and Cu10Hf7 , CuHf2 , and orthorhombic
Cu8Hf3 phases
20 for the quaternary alloy. It is also seen th
the intensity of their diffraction peaks is much weaker for t
quaternary alloy presumably because of much smaller g
size of their compound phases. The significant change in
x-ray diffraction data indicates that the addition of Ag i
creases the difficulties of the precipitation and grain grow
reactions of the primary crystallization phases. We can
see any crystalline phases containing Al and Ag as an es
tial component, indicating that the Al and Ag elements a
dissolved into their Cu–Hf compounds.
We have confirmed that Cu-based bulk glassy alloy ro
are formed in the diameter ranges up to 2 mm
Cu50Hf45Al5 and up to 3 mm for Cu45Hf45Al5Ag5 by copper
mold casting and theTg , Tx , andDTx values of their bulk
glassy alloys are independent of rod diameter. Table I su
marizes thermal stability and mechanical properties of
Cu50Hf45Al5 and Cu45Hf45Al5Ag5 bulk glassy alloy rods
with a diameter of 2 mm. These bulk glassy alloys exhi
high Young’s modulus (E) of about 120 GPa and high com
pressive fracture strength (sc, f) of 2220–2260 MPa com-
bined with plastic strain («c,p) of 0.001–0.002. It is noticed
that the quaternary bulk glassy alloy has high mechan
FIG. 3. X-ray diffraction patterns of the Cu50Hf45Al5 and Cu45Hf45Al5Ag5
glassy alloys annealed for 3.6 ks at 923 K corresponding to the temper













Cu50Hf45Al5 763 91 0.62 2260 121 0.2 627























































2353Appl. Phys. Lett., Vol. 83, No. 12, 22 September 2003 A. Inoue and W. Zhangstrength, in addition to the largeDTx of 110 K and high
reduced glass transition temperature (Tg /Tl) of 0.61. Based
on the previous relations21,22 among the critical diameter o
cast glassy alloy rods,DTx , Tg /Tl and critical cooling rate
for glass formation, the critical cooling rate of th
Cu45Hf45Al5Ag5 alloy is estimated as approximately 45
K/s.
The previous data on thermal stability of bulk glas
alloys3–8 have pointed out that the largeDTx values exceed-
ing 100 K are obtained only for two glassy alloy system
i.e., Zr–Al–Ni–Cu and Cu–Hf–Al–Ag alloys. It is therefor
important to discuss the reason for the appearance of
largeDTx value for the Cu–Hf–Al–Ag system. It is know
that bulk glassy alloys with largeDTx are formed in specia
alloy component systems with the following thre
factors,3–6,8 i.e., ~1! multicomponent system consisting o
more than three elements,~2! significant atomic size mis
matches above about 12% among the three main elem
and ~3! negative heats of mixing among their elements. T
atomic radii of Cu, Hf, Al, and Ag elements are 0.128, 0.16
0.143, and 0.145 nm, respectively,23 and their atomic size
ratios are 1.11 for Hf/Al, 1.09 for Hf/Ag, 1.12 for Al/Cu, an
1.13 Ag/Cu. The heats of mixing are negative for all atom
pairs of Cu–Hf, Hf–Al, and Cu–Al and their values are 1
39, and 1 kJ/mol, respectively.24 The Cu–Hf–Al ternary al-
loy satisfies rather well the three component rules for sta
lization of supercooled liquid. In the case of Ag addition, t
heat of mixing is213 and24 kJ/mol for Ag–Hf and Ag–Al
pairs, respectively, but the atomic size of Ag is nearly
same as that of Al and the heat of mixing is 2 kJ/mol
Ag–Cu.23,24 The addition of Ag does not always cause
increase in the degree of the satisfaction of the three com
nent rules. These fundamental data suggest that the a
tional Ag atom lies preferentially at the sites near Hf and
atoms. Ever in such a distribution state of the constitu
elements, the Ag element must be dissolved into more m
tiple phases of Cu10Hf7 , CuHf2 , and Cu8Hf3 through atomic
rearrangements on a long range scale, as is evidenced
the x-ray diffraction data shown in Fig. 3. It is therefo
presumed that the effectiveness of Ag addition is due to
increase in the difficulty of long-range atomic rearrang
ments which are required for the progress of crystallizati
This presumption is consistent with the distinct change in
x-ray diffraction patterns of the Cu–Hf–Al and Cu–Hf
Al–Ag alloys subjected to the primary crystallization rea
tion.
In summary, we examined the effect of Ag addition




















Cu502xHf45Al5Agx (x50 – 10 at. %) glassy alloys. Glass
type alloys were formed over the whole composition ran
of 0–10 %Ag. As the Ag content increases,Tg decreases
gradually from 763 K at 0%Ag to 741 K at 10%Ag, whileTx
shows a maximum of 867 K at 5%Ag. As a result, the larg
DTx of 110 K was obtained at 5%Ag. The Cu–Hf–Al–A
glassy alloy also has a high reduced glass transition temp
ture of 0.61. The primary crystallization phase changed fr
Cu10Hf71CuHf2 for Cu50Hf45Al5 to Cu10Hf71CuHf2
1Cu8Hf3 for Cu45Hf45Al5Ag5 , accompanying the decreas
in their grain sizes. The effectiveness of the Ag addition w
interpreted to be due to the retardation of atomic rearran
ments on a long range scale which are required for crys
lization. TheE andsc, f are 119 GPa and 2220 MPa, respe
tively. These bulk glassy alloys also exhibit plastic strain
0.001 to 0.002 In addition to the largeDTx and highTg /Tl
values, the high strength characteristics are encouraging
future development of bulk glassy alloys in various applic
tion aspects.
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